ABSTRACT: Chronic otitis media (COM), e.g. "glue" ear is characterized by middle ear effusion and conductive hearing loss. Although mucous glycoproteins (mucins), which contribute to increased effusion viscosity, have been analyzed in ear tissue specimens, no studies have been reported that characterize the molecular identity of secreted mucin proteins present in actual middle ear fluid. For this study, effusions from children with COM undergoing myringotomy at Children's National Medical Center, Washington, DC were collected. These were solubilized and gel fractionated, and the protein content was identified using a liquid chromatography tandem mass spectrometry (LC-MS/MS) proteomics approach. Western blot analyses with mucin specific antibodies and densitometry were performed to validate the mass spectrometry findings. LC-MS/MS results identified mucin MUC5B by Ͼ26 unique peptides in six of six middle ear effusion samples, whereas mucin MUC5AC was only identified in one of six middle ear effusions. These findings were validated by Western blot performed on the same six and on an additional 11 separate samples where densitometry revealed on average a 6.4-fold increased signal in MUC5B when compared with MUC5AC (p ϭ 0.0009). In summary, although both MUC5AC and MUC5B mucins are detected in middle ear effusions, MUC5B seems to be predominant mucin present in COM secretions. (Pediatr Res 68: 231-236, 2010)
O titis media (OM) is a ubiquitous condition of early childhood accounting for an enormous amount of public health costs (1) (2) (3) . Chronic otitis media (COM) is characterized by the persistence of middle ear effusion, which is most often highly viscous (4) . This thick, viscous middle ear effusion has been classically described as "glue ear" (5) and is associated with conductive hearing loss, effusion nonclearance, and increased likelihood of requiring surgical tympanostomy tube placement (6 -10) . In turn, tympanostomy tube placement is the most common pediatric surgical procedure requiring anesthesia in the United States (11) .
Mucins are heavily glycosylated proteins that are considered primarily responsible for the gel-like characteristics of mucoid middle ear fluids (12, 13) . They are comprised by a heavy carbohydrate content on a core protein backbone consisting of numerous tandem repeats, whose primary amino acid sequence is unique to each mucin (14, 15) . These tandem repeat regions contain proline and are high in serine and/or threonine residues, the sites of O-glycosylation (16) . Mucins are broadly classified as either cell membrane-bound or secreted (14, 16, 17) . To date, 18 human mucin genes coding for mucin glycoproteins have been identified. Of these, MUC2, MUC5AC, MUC5B, MUC6, MUC7, MUC8, MUC9, and MUC19 are secreted. From studies of human airway secretions, it is clear that MUC5AC and MUC5B, and to a much lesser extent, MUC2, are key determinants of airway mucus gel properties (16, 18) .
Past studies have examined mRNA and protein expression levels of mucin gene products in human middle ear tissues by various approaches (Table 1) . However, probably because of lack of readily available mucin specific antibodies, no study has successfully identified the specific mucin protein composition of pathologic middle ear effusion samples.
Emerging techniques in proteomics have significantly improved the ability to globally analyze the proteins within biologic samples (19) . Currently, the use of mass spectrometry (MS) and database searching is becoming a routine method to identify thousands of proteins in a single sample. One approach relies on one-dimensional gel electrophoresis (SDS-PAGE) separation of proteins followed by gel digestion of specific bands and liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis of the resulting peptides. Previous studies have successfully used proteomics approaches to characterize the nature of gel-forming mucins in biospecimens such as pancreatic cyst fluid and saliva (20 -24) .
We hypothesized that by using an unbiased global protein detection proteomics MS approach, the secreted mucin glycoproteins present in human middle ear effusions could be definitively identified.
METHODS
Sample collection and preparation. Effusions from children with COM undergoing myringotomy with tube placement at Children's National Medical Center irrespective of race, ethnicity, or gender were collected under institutional review board approval and parental consent. Patients included subjects presenting to the operating room in a longitudinal fashion between January 2008 and June 2008. Exclusion criteria included purulent effusion more consistent with acute OM, cleft palate or other craniofacial dysmorphic syndromes, immunosuppressive state or condition, or early history of skull base radiation therapy or skull base malignancy. Bilateral effusions were combined into one sample per patient. Collected middle ear effusions were frozen at Ϫ80°C and freeze dried by lyophilization for 24 h. Six effusion samples were collected longitudinally for proteomics and Western blot analysis. Eleven other separate effusions were collected for further subsequent confirmatory Western blot analysis.
Because some of the effusion samples had blood contamination, serum from a child with OM was collected as a control. This was done to demonstrate as expected that blood does not contain mucin proteins and the contamination does not account for the potential source of the identified mucins in the middle ear effusions.
SDS-PAGE electrophoresis. Effusion samples containing 150 g of proteins were dissolved in Laemili buffer containing 0.1 mM DTT and subjected to one-dimensional SDS gel electrophoresis fractionation at 200 V for 50 min. The gel was fixed with methanol and stained with Coomassie for protein visualization. Each gel lane was sliced into 32 segments, and each slice was digested with trypsin as follows. Briefly, the gel cuts were placed in 100 L of water and then subjected to two washes with a 1:1 by volume solution of water and acetonitrile. The gel pieces were then dehydrated with acetonitrile and rehydrated using 100 mM ammonium bicarbonate, followed by a 1:1 by volume wash of 100 mM ammonium bicarbonate and acetonitrile. The gels were then dehydrated with acetonitrile, resuspended in digestion buffer containing 12.5 ng/L of MS grade Trypsin Gold (Promega Corp., Madison, WI), and incubated overnight at 37°C. Extraction of peptides from the gel was then conducted via two washes with 25 mM of ammonium bicarbonate, followed by two washes with a 1:1 by volume solution of 5% formic acid and acetonitrile. The extracted peptides were then completely dried in a SpeedVac (ThermoScientific, Waltham, MA). A control sample of serum from a healthy patient was subjected to the same protocol as the pathologic effusion samples.
MS and mucin protein identification. Dried peptides were resuspended in 10 L of 0.1% trifluoroacetic acid (TFA). Each sample (6 L) was injected via an autosampler and loaded onto a C18 trap column (5 m, 300 m i.d. ϫ 5 mm, LC Packings) for 10 min at a flow rate of 10 L/min, 100% A. The sample was subsequently separated by a C18 reverse-phase column (3.5 m, 75 m ϫ 15 cm, LC Packings) at a flow rate of 250 nL/min using an Eksigent Nano-HPLC System (Dublin, CA). The mobile phases consisted of water with 0.1% formic acid (A) and 90% acetonitrile with 0.1% formic acid (B). A 65-min linear gradient from 5 to 60% B was used. Eluted peptides were introduced into the mass spectrometer via a 10-m silica tip (New Objective Inc., Ringoes, NJ) adapted to a nano-electrospray source (Thermo Fisher Scientific). The spray voltage was set at 1.2 kV and the heated capillary at 200°C. The linear trap quadrupole (LTQ) mass spectrometer (ThermoFisher Scientific) was operated in data-dependent mode with dynamic exclusion in which one cycle of experiments consisted of a full-MS (300 -2000 m/z) survey scan and five subsequent MS/MS scans of the most intense peaks.
Each survey scan file was searched for protein identification using the Sequest algorithm in the Bioworks Browser software (ThermoFisher Scientific) against the Uniprot database (downloaded June 2009) indexed for Human, fully tryptic peptides, two missed cleavages, and no modifications. Data generation parameters were Peptide Tolerance of 2 Da and Fragment Ion Tolerance of 1 Da. Results were filtered based on the following criteria: DeltaCn (⌬Cn) Ͼ0.1, a variable threshold of X corr versus charge state (X corr ϭ 1.9 for z ϭ 1, X corr ϭ 2.2 for z ϭ 2, and X corr ϭ 2.5 for z ϭ 3), peptide probability based score with a p Ͻ 0.005.
Western blot analysis. Western blot analysis on middle ear secretions was performed using protocols adapted from Berger et al. (25) as previously described. Briefly, samples containing 40 g total proteins were electrophoresed in 1.0% agarose gels. After electrophoresis, samples were transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA). The MUC5B and MUC5AC positive biologic controls were human saliva to which protease inhibitor cocktail (Sigma Chemical Co., St. Louis, MO) was added at a 1:60 dilution on collection and Calu-3 lung carcinoma cell lysates, respectively. Affinity-purified specific anti-MUC5:TR3A polyclonal antibodies generated in our laboratory (25) were used. MG2 anti-MUC5B antibodies were procured by Dr. Robert Troxler (26) . Primary antibodies were diluted 1:2000. Secondary antibody used was horse-peroxidase goat anti-rabbit antibody in 25 mL of 5% milk at a dilution of 1:5000. Blots were developed using the horseradish flouro-illuminescence detection protocol using SuperSignal West Dura Extended Duration Substrate (Pierce, Rockford, IL) for 5 min. The developed blots were exposed and visualized with a charge-coupled device camera equipped Gel Doc 2000 chemiluminescent imaging documentation station (Bio-Rad, Hercules, CA). Exposure time was 1 s and equal for all blots. The respective intensities of each MUC5AC or MUC5B positive band relative to the positive control in the resulting images were densitometrically semi-quantified with Quantity One 4.3.1 image processing software (BioRad, Hercules, CA) using equal-sized box-shaped markers.
RESULTS

Patient characteristics.
For initial proteomics studies, samples were collected from six COM patients undergoing myringotomy at Children's National Medical Center in Washington, DC. Mean age of patients was 25.3 mo (range, 16 -48 mo). Ethnicities included three African-American, two Hispanic, and one Caucasian children. All subjects had presented with effusions lasting for Ͼ3 mo and had conductive hearing loss of 20 -40 dB at 500 Hz.
SDS-PAGE and mucin protein identification. Proteins in effusion samples were separated by SDS-PAGE and visualized using Bio-Safe Coomassie stain (Fig. 1A) . Because of the contamination of some effusion samples with blood, SDS-PAGE was also performed on a serum sample as a control (Fig. 1B) . For proteomics analysis, the lanes from each sample were identically cut into 32 gel segment "bins" and processed as described in the Methods (Fig. 1A) . High-molecular-weight mucins typically do not stain well with Coomassie but because of their high molecular weight (ϳ500 kD) are expected to travel slowly across the gel, placing corresponding bands at a final position relatively close to the top of the gel. Indeed, MS analysis revealed that a majority of mucin corresponding peptides were detected at the top of the lane (Fig. 1C) . Results indicated that each sample contained MUC5B. Only one sample (3) was conclusively determined to have MUC5AC in addition to MUC5B (Table 2 ). These tryptic peptides are unique to each mucin and can be reliably used to distinguish MUC5B from MUC5AC. Figure S1 , http://links.lww.com/ PDR/A62, shows the localization of each unique peptide along the amino acid sequence of MUC5B and MUC5AC. A representative fragmentation spectrum (MS/MS) generated for a prevalent unique peptide from MUC5B, SEQLGGDVESYDK, is shown in Figure 2 . Overall, 26 unique different identifying peptides were generated for MUC5B and six were generated for MUC5AC throughout in the effusion samples. Tables 3 and 4 show the frequency of times and the gel bin location for which each unique mucin peptide was identified in samples in aggregate (all of the peptides corresponding to MUC5AC were identified in sample 3). The majority of the peptides were identified toward the top of the gel, in bin segment 3. However, unique mucin peptides were seen across the entire top to bottom of the gel lane bins. The fragments identified toward the bottom of the gel lanes likely correspond to partial mucin protein fragmentation occurring either in the middle ear or during sample processing.
Proteins identified in the prominent bands corresponding to gel bins 16 and 25 primarily consisted of serum-associated proteins and are likely representative of serum contamination. As such, these two bands (16 and 25) figured prominently in the serum control sample. Table S1 , http://links.lww.com/ PDR/A62, contains a list of all the proteins identified definitively by our analysis.
Western blot analysis.
The proteomics data were further validated by Western blot analysis of COM secretions on 1% agarose gels. Because the only two mucins identified by proteomics were MUC5B and MUC5AC, Western blots were performed for those two mucins. Results revealed strong signal for MUC5B and faint signal for MUC5AC in all samples as expected (Fig. 3A) . To further characterize and confirm our findings, age-matched effusion samples were then collected from 11 separate children with COM for Western blot studies. In these additional children, mean age of patients was 24 mo (range, 13-48 mo). Ethnicities included four African-American, four Hispanic, and three Caucasian chil- Fig. 1A ) that were cut out from the SDS-PAGE gels for protein identification from the middle ear effusion samples. Results highlight that majority of the peptides identified to correspond to mucins were found in the gel segment "bins" located to the top of the gel lane (as expected for large molecular weight proteins such as mucins). dren. All subjects had also presented with effusions lasting for Ͼ3 mo and had conductive hearing loss of 2-40 dB at 500 Hz. Western blot results revealed strong MUC5B signal intensity in 9 of 11 effusion samples (Fig. 3B) . Strong signal intensity for MUC5AC was seen in only 1 of 11 samples ( Fig. 3B ; lane 6 bottom panel). Faint MUC5AC signal was noted in another four samples ( Fig. 3B; lanes 3 ,5,7,and 9 bottom panel). Semiquantitative densitometry results for each sample revealed that overall, there was an average of 6.4-fold increased signal in MUC5B when compared with MUC5AC (p ϭ 0.0009; Fig. 4 ).
DISCUSSION
Mucins are complex glycoproteins characterized by an extensive number of tandem repeat regions in their protein backbones onto which a large number of O-glycosides are attached. Earlier studies have identified both secretory and transmembrane mucin mRNA and proteins in the middle ear tissue (12, (27) (28) (29) (30) , and one study established the presence of multiple mucin mRNA molecules in the effusions of COM patients (31) . Large-scale studies of gene expression on the RNA, protein, and/or metabolite level have demonstrated that the correlation of protein to corresponding mRNA levels within tissue samples is most often surprisingly low (32) . Thus, studies looking solely at mRNA levels in middle ear tissue specimens cannot conclusively extrapolate presence or absence of proteins, especially within secretions. Because of a lack of molecular tools and techniques, no study has comprehensively examined the expression of mucin proteins in middle ear effusions.
MS has evolved as a high throughput, sensitive, and specific technique to identify the protein composition of biospecimens in general (33) . Mucin proteins in biofluids can also be specifically identified by MS (20 -24) . Our MS analysis detected 26 distinct peptides for MUC5B (an average of 14.6 unique peptides per sample), well over the threshold limit of two peptides considered necessary to identify a protein, strongly indicating the definitive presence of MUC5B in middle ear effusions of COM patients. MUC5AC was only conclusively identified in one sample and only with six unique peptides. On the basis of the robustness of peptides generated from MUC5B, the data indicate that MUC5B is the predominant mucin isolated in these COM effusions, with MUC5AC exhibiting a relatively minor presence. Western blot data confirmed these MS findings. Because the MS data were searched against the entire Uniprot database for human trypsin-digested proteins, this experiment also validly demonstrated the lack of other secreted mucins (MUC2, MUC19, The table summarizes the location of each unique peptide along the amino acid sequence of MUC5B. The number of times each peptide was seen in aggregate for all samples is listed. Also, the position of where the peptide was identified along the gel lane (bin number) is shown. For each bin, some unique peptides were identified numerous times. The table summarizes the location of each unique peptide along the amino acid sequence of MUC5AC. For MAUC5AC, all of these unique peptides were only seen in sample 3. Also, the position of where the peptide was identified along the gel lane (bin number) is shown. For each bin, some unique peptides were identified numerous times.
and MUC7) present in these effusions. It is possible that these other secreted mucins are present in such low amounts that they fall below the detection sensitivity of the gel fractionation and LC-MS/MS proteomics approach or that they were degraded either by blood contaminants or during sample processing. As expected, no mucin proteins were identified in serum; ruling out blood contamination as the source of the mucins found in the middle ear effusions.
Our finding that MUC5B comprises the predominant mucin glycoprotein in middle ear effusions is in line with other reports that show that middle ear epithelial biopsies and tissues specimens express primarily MUC5B mRNA and protein over that of other mucins (4, 27, 28, 34, 35) . The middle ear has a unique profile in expression of mucins under normal physiologic conditions. Studies have shown that although MUC5AC RNA and protein are primarily expressed in respiratory tract epithelium under normal conditions with MUC5B only faintly identified (16, 36, 37) , middle ear epithelium expresses MUC5B RNA and protein primarily under normal conditions (27, 28) . With inflammatory stimulation, such as that associated with acute otitis, mucin gene expression and protein secretion increases. This has been demonstrated in cell models of OM (12, 38) and in tissue biopsies (27, 28) . Interestingly, of the known mucins, MUC5B has the largest central tandem repeat region (39) . It also possesses a very large heavily glycosylated protein backbone, two separate glycoforms (a low and high weight) capable of crosslinking and particularly stringent polymerization pattern resistant to DTT reduction (40) . On this basis, it is likely that MUC5B is an extremely viscous human mucin protein, if not plausibly the most viscous. The predominance of MUC5B may represent the physicochemical reason that COM fluid is so often impressively viscous and why "glue" ear effusions at times do not readily clear through the eustachian tube. Along these lines, MUC5B has also been identified as the predominant mucin glycoprotein in the gel phase of thick fatally obstructing secretions from patients that die from status asthmaticus (41, 42) . Interestingly, this demonstrated that MUC5B predominance in the middle ear may also explain why primary lung diseases of mucin dysregulation, such as cystic fibrosis, where MUC5AC is predominant, may spare the middle ear. Recognition of MUC5B as the primary mucin in COM effusions should lead to research into specific therapeutic approaches targeting MUC5B biochemically. To date, no effective medical options exist to effectively treat and resolve COM.
CONCLUSIONS
Based on our findings, it seems that although both MUC5AC and MUC5B can be identified in mucoid middle ear effusions, MUC5B seems to be predominant middle ear secretory mucin protein present, whlereas MUC5AC is either absent in a majority of effusions or very faintly perceptible by proteomics or standard immunoblotting techniques. Developing biochemical approaches to target MUC5B may prove a successful strategy for drug development in COM. 
